Shabaite-(Nd) is a rare supergene mineral formed during alteration-hydration weathering of uraninite; its structure has remained unknown until now. Based on single-crystal X-ray diffraction data, shabaite-(Nd) is triclinic, twinned (leading to a pseudo-monoclinic diffraction pattern), space group P-1, with a = 8.3835(5), b = 9.2766(12), c = 31.7519(3) Å, α = 90.058(3), β = 89.945(4), γ = 90.331(4)°, V = 2469.3(4) Å 3 and Z = 4. The structure was refined from diffraction data to R = 0.060 for 8434 unique observed reflections. The structure of shabaite-(Nd) is based upon finite clusters of polyhedra, the well-known uranyl-tricarbonate cluster (referred to as UTC), the Ca-polyhedra linked to UTC and infinite sheets of Nd-polyhedra with internal Nd-O-C linkages. The infinite sheets of Nd-polyhedra are stacked perpendicular to c; to the UTC are staggered approximately perpendicular to the Nd-based sheets (thus approx. parallel to c), forming electrone-
Introduction
Uranyl carbonates are important alteration products resulting from weathering of uraninite, UO 2+x , i.e. hydration-oxidation weathering (Finch and Murakami 1999; Krivovichev and Plášil 2013; Plášil 2014) . They are of great environmental importance due to the thermodynamic stability of dissolved uranyl carbonate complexes in aqueous solutions. Uranyl carbonate complexes are often responsible for increased mobility of U 6+ (in the form of the uranyl ion, UO 2 2+ ), in particular under weakly acidic to alkaline conditions (Langmuir 1978) . The increased activity of CO 2 in solution is due to addition of juvenile CO 2 , dissolution of common gangue carbonates, or presence of atmospheric CO 2 in descending/meteoric waters. Uranyl carbonates most frequently occur as efflorescence on mine walls, adits and tunnels, and as characteristic minerals formed (sub-) recently due to post-mining weathering (Plášil 2014 and references therein) .
Of the 34 currently described uranyl carbonates, four or five contain rare-earth elements (REE) as substantial constituents. The difference in total count is due to the recent discovery that kamotoite-(Y) (Deliens and Piret 1986) and bijvoetite-(Y) (Deliens and Piret 1982; Li et 
Chemical composition
The chemical composition of shabaite-(Nd) was determined using a Cameca SX 100 electron microprobe operated in WDS mode. Two experimental setups were adopted to acquire the quantitative data: 1) for major elements (Y, Nd, U and Ca) an operating voltage of 15 kV, beam current of 10 nA and a 8 μm beam diameter; 2) for minor elements (REE) beam current of 20 nA was used instead. The following X-ray lines and standards were chosen to minimize line overlaps: K α lines: Ca (fluorapatite); L α lines: Y (YPO 4 ), La (LaPO 4 ), Ce (CePO 4 ), Dy (DyPO 4 ), Er (ErPO 4 ); L β lines: Pr (PrPO 4 ), Nd (NdPO 4 ), Sm (SmPO 4 ), Eu (EuPO 4 ), Gd (GdPO 4 ), Ho (HoPO 4 ); M β lines: U (U). Peak counting times were 10-20 s and the counting time for the background was 50 % of that of the peak. Matrix effects were accounted for using the PAP correction routine (Pouchou and Pichoir 1985) . Because of the paucity of pure material for thermal analysis, content of molecular H 2 O was not determined directly, but calculated from stoichiometry obtained by the crystal structure model. On the basis of BSE images, shabaite-(Nd) is chemically homogeneous with no apparent chemical zoning (Fig. 2) Deliens and Piret (1989) . Data were finally integrated in the triclinic space group P-1; of the 26,331 collected reflections, 9676 were independent and 8441 were classified as observed based on the criterion [I obs > 3σ(I)]. Data were corrected for the Lorentz effect, polarization factor and background and for absorption by combining empirical scaling of the frames and Gaussian integration of the shape of the crystal in Jana2006 (Petříček et al. 2014) . The R int of the dataset was 0.0405. Other details of the data collection are given in Tab. 2.
The crystal structure of shabaite-(Nd) was solved by the charge-flipping algorithm of the Shelxt program (Sheldrick 2015) and subsequently refined using Jana2006 (Petříček et al. 2014 ) with the full-matrix least-squares refinement based on F 2 . The first attempts to solve and refine the structure were done in monoclinic space groups; however, they did not lead to substantial success. Therefore, the triclinic centrosymmetric space group P-1 was chosen and twinning by reticular merohedry was introduced in to the refinement using the tool implemented in Jana2006 program (Petříček et al. 2016) . The possibility of the acentric P1 space group was also tested (including an inversion twin), however, it results in only slightly better final indices of agreement (R ~ 5.8 %), but having twice as many atoms in the unit-cell, many of them having nonpositively definite atomic displacement parameters, and large correlations of the fit overall. Finally, the solution and refinement in the centrosymmetric P-1 revealed the complete structure of shabaite-(Nd), except the H-atoms, and converged to reasonable indices of agreement, R = 0.0603 and wR = 0.1238 for 8441 observed reflections with GOF = 2.42 (Tab. 2). The atom coordinates and the displacement parameters are given in Tab. 3 and selected interatomic distances in Tab. 4. Bond-valence sums are shown in Tab. 5.
Description of the crystal structure
The structure of shabaite-(Nd) (Fig. 3) ( (Tab. 4) ; the Ca1 polyhedra are sharing a common edge with U1 hexagonal bipyramid and the remaining five ligands coordinated to the Ca1 site (defining regular pentagonal bipyramid) are H 2 O molecules, while the Ca2 site is linked in a similar way to the U2 hexagonal bipyramid.
With regard to the hierarchy of U 6+ compounds developed by Burns and co-workers (Burns et al. 1996; Burns 2005; Lussier et al. 2016) , the structure of shabaite-(Nd) is based upon finite clusters of polyhedra, the uranyltricarbonate clusters. Nevertheless, the structure of shabaite-(Nd) contains an interesting and dominant feature -infinite sheets of Nd-polyhedra interlinked by CO 3 groups, stacked perpendicular to c (Fig. 3) . These sheets have, overall, cationic character and consist of infinite chains of edge-sharing Nd-polyhedra that are running parallel to [100] . Adjacent chains are linked through Nd-O and C-O bonds, through the CO 3 planar groups, which decorate the sheet (Fig. 4) . Nearly perpendicularly to the plane of the sheet are staggered CO 3 groups that are part of the UTC, and these also provide additional linkage with the sheet, through the apical O atoms of the Nd-polyhedra (Fig. 4) 
Comments on original description
Unit cell parameters (a = 9.208(5), b = 32.09(3), c = 8.335(4) Å and β = 90.3(1)°) and empirical formula of shabaite-(Nd) provided in the original description by Deliens and Piret (1989) differ from those obtained by the current study. The unit cell parameters given in the original description refer to a monoclinic unit cell, which is a result of the twinning of the triclinic cell found in the current study. We also note that the physical properties (such as cleavage), optics, and descriptive morphology given in the original paper were based on the monoclinic unit cell settings, having the largest axis (in present study it is c) as a monoclinic b. Chemical composition inferred by Deliens and Piret (1989) was Ca(REE) 2 (UO 2 )(CO 3 ) 4 (OH) 2 ·6H 2 O for Z = 5. The contents of CO 2 and H 2 O (C and H, respectively) were obtained from the gas chromatography. The current crystal-structure study has revealed that there is an additional CO 3 group linked to the Nd-polyhedra and there is no OH group within the structure. The formula introduced by the original description probably suffers from the low precision of the C and H determination, while using the low amounts of the analyzed sample.
Relations to other uranyl carbonates
Shabaite-(Nd) is one of the five known uranyl carbonates containing REE as an essential constituent. However, recent studies showed that bijvoetite-(Y) and kamotoite-(Y) are likely the same species (Plášil and Petříček in print) . Besides these two minerals, shabaite-(Nd) is the Ca2 Ca1 U2 U1 Fig. 3 The crystal structure of shabaite-(Nd) viewed down b. Uranyl tricarbonate clusters (U-polyhedra in yellow and CO 3 in black), are linked to infinite sheets of Nd-polyhedra (violet) stacked perpendicular to c. The Ca-polyhedra (green) are edge sharing with uranyl-tricarbonate complex (UTC). Molecules of H 2 O not bonded directly to any metal cation are omitted for clarity. Unit-cell edges are outlined by the solid black rectangle.
Nd2 Nd3
Nd1 Nd4 C1 C9 C9 C5 C3 C6 Fig. 4 Basic motif of the infinite Nd-sheet in the structure of shabaite-(Nd), composed of edge and corner sharing NdΦ 9 polyhedra interlinked by CO 3 groups (C1, C3, C5 and C9); viewed down c, slightly inclined for clarity. Through the C6 and C9 atoms the sheets are linked to the UTC clusters.
only (REE)-uranyl carbonate with a known structure. The structure of bijvoetite-(Y) (Li et al. 2000) and kamotoite-(Y) (Plášil and Petříček 2016 ) is a sheet structure based upon the bijvoetite-(Y) uranyl-anion topology (Burns 2005; Lussier et al. 2016) . In contrast, shabaite-(Nd) contains finite clusters of polyhedra, the well-known UTC. 10.5 . The structural unit of kamotoite-(Y) and bijvoetite-(Y) represents a higher degree of polymerization with U:C ratio 1:1. We can only speculate about the unknown structure of e.g., astrocyanite-(Ce), Cu 2 Ce 2 (UO 2 )(CO 3 ) 5 (OH) 2 ·1.5H 2 O (Deliens and Piret 1990) . However, based on similarities to shabaite-(Nd), and the presence of LREE, other metal cations and reported higher U:C ratio, we can assume that it will also be a structure based upon finite clusters of polyhedra rather than with more polymerized structural units. Nevertheless, the structure of astrocyanite-(Ce) will probably be fairly unique owing to the importance of the Jahn-Teller effect on Cu 2+ and the consequent specific impact on coordination environment around distorted Cu-O polyhedra (Burns and Hawthorne 1995) .
Notice on origin of shabaite-(Nd)

association of (Nd)-rich minerals from Kamoto East
Kamoto East open cut, Shaba, Congo, is a rich locality for several rare minerals that contain neodymium as an essential constituent. Besides here described shabaite-(Nd), it is francoisite-(Nd), Nd[(UO 2 ) 3 (PO 4 ) 2 O(OH)](H 2 O) 6 (Piret et al. 1988) , and schuilingite-(Nd), PbCu(Nd) (CO 3 ) 3 (OH)(H 2 O) (Vaes 1947; Schindler and Hawthorne 1999) . Interestingly, the structure of schuilingite-(Nd) contains infinite chains of [9]-coordinated Nd 3+ -polyhedra, unlike francoisite-(Nd), where [9] Nd forms isolated polyhedra in interlayer of uranyl phosphate sheets. The frequency and relative abundance of Nd incorporated in minerals of supergene origin at Kamoto might suggest unusually high activity of Nd 3+ in solutions from which this mineral formed. The fact that these phases are rare world-wide indicates that such a high Nd activity is otherwise uncommon at supergene conditions. Anyway this might be also due to the presence of specific source for Nd 3+ , i.e. it could have been be surrounding rocks rather than uraninite (see below).
Rare earth elements in uranyl carbonate minerals
Uranyl carbonates containing REE are rare alteration products of uraninite weathering in nature. Among them only kamotoite-(Y)/bijvoetite-(Y) has been reported from more than one locality. Astrocyanite-(Ce) and lepersonnite-(Gd) are known only from single localities: Kamoto East open cut (Deliens and Piret 1990) and Shinkolobwe mine (Deliens and Piret 1982) 1982) , as well as uncommon mineral association, point towards its rarity and probably very special conditions that took place during the formation of this mineral. Table 6 provides calculated chemical complexities of the known (REE)-uranyl carbonate minerals, showing that the exceptional chemical complexity ) of lepersonnite-(Gd) equals to to 508.88 bits/ fu. At Kamoto-East open cut, kamotoite-(Y), astrocyanite-(Ce) and shabaite-(Nd) occur. Shabaite-(Nd) is associated most frequently with astrocyanite-(Ce) and less also with kamotoite-(Y); astrocyanite-(Ce) is usually clearly younger than kamotoite-(Y), on-growing its aggregates (Fig. 5) . From Fig. 1 it is noticeable that shabaite-(Nd) overgrows older astrocyanite- (Ce) . To the best of our knowledge, kamotoite-(Y) is nearly always overgrowing altered uraninite on samples from Kamoto. This is the case for shabaite-(Nd) as well, but its crystals do not necessarily sit directly on uraninite matrix.
We can only speculate about sources of the REE, without any additional detailed geochemical study, but in general, HREE (as Dy or Ho) and Y, usually concentrated in primary uraninite (Janeczek and Ewing 1992) , can be released during oxidation-hydration weathering (Finch and Ewing 1992; Göb et al. 2013; Plášil et al. 2014 ) and incorporated into the structure of kamotoite-(Y). The source of LREE may be in surrounding rocks and circulating fluids thus can play an important role during the formation of shabaite-(Nd) and astrocyanite- (Ce) . 
